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Objeclioes. This study was designed to agents ; the feidW of
ushtg hydragel-owned hob ears to deliver biologically attire agents
to the blood vessel wall.
Backgroaad. The local Intramural delivery d therspeelk
agents during balloon mrgteplauy ban beta proposed as m
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Methods. To =am the efficacy of delivery and depth of
penetration to vitro, head delivery of beesendlsh p , P ,,'- r was
performed in 40 prow peripheral arteries, and delivery of
BuoresahMd beparh was performed In 20 porcine peripheral
arteries and 7 hamoa Mheranean ateries, To determhe the
persistence of these new in the stand WA In vivo, horaradhh
perostdase was delivered
to 18 porcine peripheral
arteries
that
were harvested at Intervals of 45 pain to 49 Is. FhwcwduW
beparis was delivered to 22 porches, peripheral arlarless 14 with
the use of a protective sleeve, harvested at hterula of 30s to 24 h .
Localized intramural delivery of therapeutic agents during
balloon angioplasty has recently been proposed as a them.
peutic modality to treat abrupt closure and to prevent
restenosis (1) . In animal models several therapeutic agents
can attenuate the thrombotic (2,3) or proliferative response,
or both, (4-8) to vascular injury. Often,
however, the doses
used in these studies would be prohibitively toxic in the
clinical setting (2,4,89)
. The use of local intramural drug
delivery has the potential to overcome this limitation by
delivering therapeutic doses of drug directly to the interven-
tion site, thereby avoiding toxic systemic levels.
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active agents le the wad wd1 without great; doses disrupdost and
may provide as aeraamMie method far the Noted delivery of
therapeutic agents duties
I ", - asgbplrly.
(J Am Cell Co" 19M;23:1570-7)
The feasibility of local drug delivery has been demon-
strated with both perforated balloon systems (1) and systems
that deliver agents through
an intravascular high pressure
chamber (10). The effectiveness of the former system may be
limited by vascular trauma caused by high pressure fluid jets .
The efficiency of the latter system is limited by the runoff of
the delivered agent down side branches (I) .
In an effort to overcome these limitations, a catheter.
based delivery system has been developed that is potentially
less traumatic and more of lien. This system consists of a
conventional angioplasty catheter in which the balloon is
coated with a hydrogl compound . Various agents can be
absorbed into the hydrogl and delivered to the vessel wall
during balloon angioplasty.
The first phase of this study was designed to evaluate the
feasibility of local drug delivery to the normal
and adheres.
sclerotic vessel wall in vitro. The agents delivered were
horseradish peroxidase, a biologic marker, and fluorescein-
labeled heparin, a potentially therapeutic agent. The proto-
cols were designed to assess the influence of inflation pres-
sure and duration on the extent of intramural agent
penetration. The second phase assessed, in vivo, persistence
of these agents in the vessel wall after localized delivery.
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FIgure t . Top, Schematic of the hydrogcl polymer in its expanded
slate, loaded with horseradish peroxidase (HRP) . The matrix is
defined by the interlacing potyacrylic acid chains, which are cross-
linked to each other (binds eircks) and adhere to the balloon surface .
The s" blue dots represent water within the hydrogel meshwork .
Bottom, Schematic of the hydrogcl polymer being compressed
between the balloon and the vessel wall during balloon inflation. The
horseradish peroxidase molecules diffuse down a concentration
gradient from the hydrogel into the vessel wall . The concentration of
horseradish peroxidase in he hydrogel is greater in the compressed
state than in the expanded state . See text for details,
Methods
Equipment. The drug delivery balloon system that was
used in this study consists of a conventional coronary
angioplasty catheter modified by coating a polyethylene
balloon with a hydrogel polymer (Boston Scientific Inc .)
(Fig. 1) . The balloon is 2 cm in length and achieves nominal
size at an inflation pressure of 2 atm. The hydrogel coating
consists of a latticework of polyacrylic acid chains that
adhere to the balloon surface . At intervals along their length .
the polymers are linked covalently to one another. When the
system comes into contact with water, the polymers tend to
solubilize; however, total dissolution is prevented by the
interchain linkages . As water is absorbed into the hydrogel
lattice structure it begins to swell and forms a stable matrix
of polymer and water. Any agents that are dissolved in the
water will also be incorporates into the interstices of the
matrix. When the loaded hydrogel comes into contact with
an aqueous environment, such as tissue, agents dissolved in
the matrix will diffuse out at a rate dependent on the
concentration gradient. The size of the molecule relative to
the interstices of the hydrogel will also influence the rate of
diffusion . If the hydrogel is compressed against a vessel wall,
as during balloon inflation, the iiderstitial s,,aces become
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smaller, increasing the concentration of the dissolved agent
and presumably augmenting the diffusion process . The thick-
ness of the hydrogel coating ranges from 5 µm when dry to
25 ysm when fully saturated with water.
Agent loading onto hydrogel-coated balloons . Loading of
the balloons with horseradish peroxidase (Biozyme Labora-
tories) was achieved by immersion in a concentrated perox-
idase solution (20 mglml) for 30 s and then drying at 42 ° C for
10 min. This process was repeated twice, after which the
balloons were dried at 40°C for I h .
Balloon loading with fluoresceinated heparin (20 mg/ml,
150 U/mg) (Polysciences Inc .) was achieved in a similar
fashion with air-drying at ambient temperature . Immediately
after drying, the heparin-coated balloons were stored in
opaque plastic bags
.
Drug delivery protocols. Five separate experiments,
three in vitro and two in vivo, were performed using either
normal porcine carotid and iliac arteries or atherosclerotic
human cadaveric iteofemoral arteries . For the in vitro stud-
ies, immediately after harvesting the arterial segments were
flushed vigorously with saline solution to remove blood and
thrombus. Specimens were stored in a solution of saline
solution containing ciprofloxacin at 4°C . Balloon inflations of
the excised vessels were performed within 414 h of harvest-
ing, with the segments immersed in a saline solution water
bath
. Immediately after deflation, three cross sections were
cut from each arterial segment, flash-frozen in liquid nitro-
gen and prepared forhistologic evelulation with hematoxylin
and eosin staining. The horseradish peroxidase segments
were also stained with 3,3'-diaminobenzidine and viewed
under light microscopy . The fluoresceinated heparin seg-
ments were viewed under light microscopy with epifluores-
cent illumination. Green fluorescence indicated the presence
of heparin and was easily distinguished from the more
yellow autofluorescence characteristic of tissue .
In all cases, the balloon size was chosen to achieve a
balloonlartery diameter ratio of --L3 :! . It is known fern
extensive in vivo evaluation with intravascular ultrasound
that carotid and iliac arteries from similar sized pigs are -4 .5
and 5.5 mm in diameter, respectively (11)
.
Therefore, G and
7-mm balloons were used for all inflations .
For the in vivo experiments, male and female pigs weigh-
ing 20 to 25 kg were premeditated with tiletamiae/zolazepam
(100 mg intramuscularly) and atropine (2 mg intramuscu-
larly), paralyzed with a continuous infusion of succinylcho-
line and endotracheally intubated . Anesthesia was main-
tained with enflumne, and ventilation was provided by a
volume respirator. Using a standard surgical technique, both
carotid and both femorai arteries were cannulated with
short, 9F vascular sheaths. Systemic anticoagulation was
attained with a 200-U/kg bolus of intravenous heparin and
maintained with 100 U/kg per h .
Before balloon insertion, the vessel diameter was mea-
sured with intravascular ultrasound (Diasonics), and, as in
the in vitro experiment, a balloondartery diameter ratio
-1 .3 :1 was chosen. During balloon inflation, distal dye
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injections were performed to confirm vessel occlusion and
balloon-vessel wall contact
. Immediately after vessel har-
vesting, the pigs were killed and the specimens prepared in a
manner identical to that used in the in vitro study .
All animal studies confo:
.ned to the "Position of the
American Heart Association on Research Animal Use"
adopted by the Association in November 1994
.
Protocol 1 : in vitro porcine horseradish peronidase exper-
iment . Horseradish peroxidase-loaded hydrogei balloons
were inflated in vitro in 40 normal porcine carotid and iliac
arteries. All inflations were performed at either 4 or 8 arm,
for either 90 or 300 s, thus creating four intervention groups
with 10 arterial segments in each group . Two control arterial
segments were inflated with nonloaded balloons
.
Protocol 2: in vitro porcine heparin experimenl
. Twenty
normal porcine peripheral arteries were dilated in vitro with
heparin-coated balloons at 4 arm for either 90 or 300 s. Two
control vessels were dilated with nonloaded balloons .
Protocol 3: in vitro human heperin experiment. To deter-
mine the feasibility of delivering heparin to atherosclerotic
tissue, loaded balloons were inflated in seven human post-
mortem atherosclerotic iliac and femoral arteries. Non-
loaded balloons were inflated in two arteries and served as
control vessels. All inflation were performed at 4 arm for
300s.
Protocol 4
: in vivo portion horseradish perouldue expert.
ment . To determine the persistence of horseradish peroai-
dase in the vessel wall, balloons were inflated in vivo in
8 carotid and 10 iliac arteries in five nonatherosclerotic pigs
.
All balloon inflations were performed at 4 arm for 300 s
.
Arteries were harvested at either 45 min (n = 3), 90 min
In
=
3), 6 h (n = 4), 24 h (n = 4) or 48 h (n = 4) . In the first three
groups, anesthesia was maintained until the specimens were
harvested and the pigs killed . For the pigs surviving 24 and
48 h, the intravascular sheaths were removed, and the
arteriotomy sites were closed with sterile technique . These
animals were maintained on antibiotics until the time of
vascular harvesting and death .
Protocol 5 : in vivo porcine heparin experiment
. To deter-
mine the persistence of heparin in the vessel wall, coated
balloons were inflated in vivo in 22 peripheral arteries in
seven nonatherosclelotic pigs . All inflations were performed
at 4 arm for 300 s. Previous studies in our laboratory
(unpublished observations) have demonstrated that --95% of
the loaded heparin washes off the balloon within 5 s of
entering the circulation . There was concern that this phe-
nomenon might have a significant impact on intramural
delivery. Inlitially, therefore, eight arteries were dilated with
coated balloons and harvested at decreasing intervals rang-
ing from 126 to 2 minutes (mean [±SD] 70.8 ± 54 .9 min) after
deflation . On subsequent examination, there was no heparin
present in any artery, presumably because of washout from
the hydrogen on exposure to the circulation. In an effort to
attenuate this process, in the remaining 14 arteries balloons
were delivered to the dilation site in a protective plastic
sleeve
. The sleeve consisted of a standard 7F vascular
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sheath (C.R. Bard, Inc .) that was modified by cutting off the
distal one-third. The loaded balloon was inserted into the
sheath, which provided a snug fit
. After positioning at the in-
flation site, the sheath was quickly slid back over the
catheter shaft by pulling back on the side arm and the
balloon inflated immediately . These arteries were harvested
either within 30 s (n = 6) of balloon deflation, at I h (n = 4)
after deflation or at 24 h (n = 4) after deflation
. Two
nonloaded balloons were delivered to the dilation site in a
protective sleeve and served as controls . These two vessels
were harvested within 30 s of balloon deflation .
Data analysis and
statistics.
For the horseradish peroxi-
dase experiments, the maximal depth of intramural penetra-
tion was measured in micrometers . Because the normal
vascular tissue anmfluoresces, a precise "leading edge" of
fluoresceinated heparin could not always be determined, and
therefore the depth of penetration was measured semiquan-
dtatively and graded from 1 to 3 . Grade I represented
penetration into the inner one-third of the wall, grade 2 into
the inner two-thirds of the wall and grade 3 into the outer
one-third of the wall. Intensity of fluorescence was also
graded from I to 3, corresponding, respectively, to light,
moderate and intense fluorescence. All histologic examina-
tions were performed by a pathologist who was unaware of
the specific intervention .
All measurements are expressed as mere values ± SD.
For the intergroup comparisons. analysis of variance was
used for continuous variables, with a Keuskall-Wallis or
Mann-Whitney test for the ordinal data, and p < 0 .05 was
considered significant.
Reaulis
In vitro porcine honarad4Y peroxidase
experiment.
Horseradish peroxidase staining was present in all 40 por-
cine peripheral arteries dilated with a loaded balloon . In all
cases, peroxidase staining web distributed in a circumferen-
tial manner. There was no preferential staining of dissection
planes, and in all 40 vessels reaction product was clearly
T# 1
. Effect of Inflation Pressure and
C
.adon on the Depth of
Horseradish Peroxidase Penetration
P < 0
.01, comparison of groups I to IV; P < 0.04, poops I and
It versus
III sod IV; p < 0
.01, groups 1 old III versus 11 and IV . HRP = Mueadisa
peroaidatt.
Group(s)
n
IuBmiax
Pressure (arm)
In8alion
Time (s)
Menu ('SDI
rkpth of HRP
Paxtnaou (Pot)
1 10 4
90 713±So
11 10
4 300 226 x 66
111 10 8
90 243 x 67
IV t0 8
300 343 x 115
1 + 11 20 4
229
t
60
III + IV 20
8 285 x 116
1 t 111 20
90 220 t 69
It + IV 20 300
293 x 105
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present over broad regions of nondisrupted tissue (Fig . 2) .
There was no peroxidase staining in either of the two control
specimens .
The maximal depth of penetration increased with both
increasing balloon pressure and duration of inflation (p <
0.01) (Table 1, Fig. 2) . Furthermore, both the pressure (p <
0.04) and duration of inflation (p < 0 .01) exerted independent
effects on the depth of horseradish peroxidase penetration .
In vitro porcine heparin experiment. Fluorescein staining
was present in all 20 of the intervention arteries and was
FRAM E r AL .
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Figure 2
. Photomicrographsdem-
onsttating the variable depth of
intramural penetration of horse-
radish peroxidase in the in vitro
study . The horseradish peroxi-
dase is manifest as brown
stain-
bug.
The vessel on the kn was
dilated at 4 arm for 90 s, and the
depth of penetration was
40 pm.
The vessel on the right was di-
lated at g arm for (0 s, and the
depth of penetration in this case
was 200 um . Peroxidase staining
is present in regions with no evi-
dence of gross architectural dis-
ruption, consistent with the con-
textion that agent delivery to the
tissue occurs by diffusion .
absent from the two control vessels . There was no significant
difference between the 90- and 300-s groups with respect
t^
the grade of mean depth of penetration (1 .9 ± 0.9 and
1 .7 t 0.7, respectively) or intensity of fluorescent stain
(2.4 ± 0 .6 and 2 .3 ± 1.0, respectively). As with the peroxi-
dase-stained vessels, there was no preferential staining of
dissection planes, and labeled heparin was clearly present
throughout regions that were free of tissue disruption (Fig.
3). Of note, in many specimens, the fluorescein appeared to
concentrate over the myocyte nuclei.
Figure 3. High power fluorescence
photomicrograph of a porcine ca-
rotid artery demonstrating the
penetration of fluorescein-labeled
heparin through fully intact, non
•
dismpted vascular tissue.
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Figure 4. High power fluorescence
photomicrograph of an atheroscle-
rotic human iliac artery demonstrat-
ing the penetration of fluorescein-
labeled heparin into an intact
atheroma. The lumen is oriented
toward the upper toll and the media
toward the right. Bright green B1W-
morent staining is most intense
along the lumen aspect of the athe-
roma and is particularly prominent
in the cellularnuclei (mall errors).
The reduplicated internal elastic
lamina autofluoresces with a more
yellowish hue (large arrow). There
is no evi "ence of heparin uptake in
the media.
In vitro human heparin experiment . All seven of the
atheromatous human arteries dilated with heparin-coated
balloons demonstrated fluorescein staining . The mean grade
for depth of penetration was 2.0 ± 0.7; for intensity of
fluorescence it was 3 .0 ± 0. Histologic examination revealed
the atheroma to be primarily fibromuscular in nature . Fluo-
rescein staining was present throughout broad regions of
atheroma that were free of tissue disruption (Fig. 4). There
was no fluorescein staining in the two control vessels.
Figureg. Photomicrographsdem-
onstrating the pattern of horserad.
ish peroxidase staining of the ves-
sel wall as a function of time . In
all panels, the lumen is oriented
toward the bottom of the photo-
microgeaph, and the advenlitia is
toward the top. The horseradish
peroxidase appears as dark brown
staining, Left, In this vessel, har-
vested at 45 min, horseradish
peroxidase has penetrated to
-250 µm, creating a bandlike pat-
tern through the wall . No horse.
radish peroxidase is present along
the lumen or adventitial aspects .
Center, In this specimen, har-
vested at 90 min, peroxrdase slain
extends through the advenlitia to
a maximal depth of 370 pin, leav-
ing most of the media free of
stain. Right, In this vessel, har-
vested at 6 h, there is no evidence
of horseradish peroxidase stain-
ing. See text for discussion .
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In vivo porcine horseradish pernidase experiment . At 45
and 90 min, horseradish peroxidase was found in the vessel
wall in all six specimens . There was no evidence of peroxi-
dase staininginany of the 12 vessels harvested at either6, 24
or 48 h. Peroxidase staining in the 45- and 90-min specimens
demonstrated a characteristic pattern (Fig. 5) . In several
specimens, the stain appeared as a band through the media
to a depth of -250 rm, with the lumen and adventitial
aspects of the vessel wall free of stain. In other specimens,
JACC Val. 23. No.7
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the lumen two-thirds of the media was free of peroxidase
stain, with staining limited to the advenitia and adjacent
media
. These findings suggest movement of the marker agent
across the vessel wall over a 6-h period . As with the in vitro
specimens, staining occurred over broad regions that were
free of architectural disruption .
In vivo porcine heparin experiment. Of the eight arteries
that were inflated without the use of a protective sleeve and
harvested at intervals of 2 to 126 min, none demonstrated
fluorescein staining . Among the arteries inflated with the use
of aprotective sleeve, all six harvested within 30 s of balloon
deflation demonstrated fluorescein staining . The mean depth
of penetration was 1 .7 ± 0.9, and the mean intensity of
staining was 1 .8 ± 0 .8 . Of the four arteries harvested at 1 h,
only two demonstrated fluorescence, and the mean grade for
bath penetration and intensity of staining was 1 .0 ± 1.4 . Of
the four arteries harvested at 24 h, again, only two demon-
strated fluorescence . However, in these cases, the fluores-
cent pattern was markedly diminishe.: compared with the '-h
specimens, with a mean grade of 0.25 ± 0 .29 for both
penetration and intensity. As in the in vitro experiments,
fluorescein staining was present over broad regions of non-
disrupted vessel wall and in many specimens was concen-
trated over the myocyte nuclei
.
Discussion
This study demonstrates that a hydrogel-coated balloon
can deliver the biologically active agents horseradish perox-
idase and heparin to both the normal and atherosclerotic
vessel wall during coronary angioplasty . These agents pen-
etrate nondisrupted tissue and appear to be uniformly dis-
tributed without a predisposition for dissection planes . With
horseradish peroxidase, the depth of penetration is directly
related to the pressure and duration at' inflation . With
heparin, the use of a protective sleeve markedly improves
intramural delivery by attenuating washout in the circula-
tion. There is a relatively rapid dissipation of both these
agents from the vessel wall .
Previous studies. In a report from Riessen et al . (12),
hydrogel-coated balloons were used in vivo to intramurally
deliver naked DNA to the carotid artery of a rabbit . There
have been no reported clinical trials or other previous animal
studies using this delivery system .
Mechanisms involved in intramural delivery . The relation
between balloon pressure and inflation duration and he
depth of horseradish peroxidase penetration is consistent
with the proposed mechanism of agent delivery
: pressure-
augmented diffusion down a concentration gradient from the
hydrogel into the vessel wall . It would be expected that the
longer this gradient is maintained (i.e ., the longer the dura-
tion of inflation), the further the marker would diffuse . With
increased balloon pressure, compression of the hydrogel
with expression of water from its matrix would increase the
concentration of the dissolved agent and, thereby, the driv-
ing force for diffusion . In addition, stretching of the arterial
rRAhl ET .AL .
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wall with higher inflation pressures increases titm pe :7nuabil-
ity of the wall to a variety of substances (13),
including
horseradish peroxidase (t0) .
This relation between the dilation variables and depth of
penetration was not pre:^nt with tl t delivery of heparin
.
The interaction of heparin with components of the vessel
wall may be a more significant factor in its intramural
localization than simple diffusion. Heparin receptors are
present in both the extracellular matrix (14,15) and on the
myocyte membrane
(16), and findings from this and other
studies (2,17) have demonstrated the intracellular and intm-
nuclear localization of heparin
. Furthermore, heparin is n
highly charged anionic molece)e (I8). Therefore, compared
with horseradish peroxidase, ligand or electrical binding
imcractions may play a relatively more important role in its
intramural localization .
Dissipation ofdettveredagents . Them are several possible
explanations for the dissipation of horseradish peroxidase
from the vessel wall
. Bidirectional diffusion down two con-
centration gmdierds after briloon deflation may account for
the histologic findings ; however, if such were the case, a
graded decrease in staining from the midwall extending
toward both the lumen and adventitia would be expected, as
opposed to the discrete band that was found. Cellular
metabolism of the marker is an unlikely explanation, giver,
the time interval involved (19), and would not explain the
histologic pattern .
In several experimental models ( ;4:0,21), bulk move-
ment of fluid and materials across the vessel wall from the
lumen to the vasovasorum of the adventitia is commonly
observed. This movement is directly related to the tmnsmu-
ml pressure gradient (10,22,23) and to the degree of mall
stretching (13 .21) and is inversely related to the size of the
transported molecule (22,24,25). The geometry of the mole-
cule (21) and its charge (24) may also influence the perme-
ability coefficient. The histologic findings in this study are
most consistent with the bulk transmural movement of
horseradish peroxidase and removal from the intervention
site through the vasovasorum within 6 h .
The pattern of heparin disappearance was quite different .
Although the fluorescein stain largely dissipated over 24 h, it
remained most intense along the lumen aspect of the media,
with gradual fading toward the adventitia. This pattern is
morn consistent with disappearance by means of cellular
metabolism and backdiffusion into the bloodstream than
with bulk transport from lumen to adventitia. The smaller
heparin molecule might be expected to move through the
vessel wall even more readily than the peroxidase molecule
and thereby presert a similar histologic pattern . However,
the presence of heparin receptors, the highly charged nature
of the molecule aid its intracellular localization may all
influence its Iocali~:anon in the vessel wall .
After vascular injury, cellular proliferation may persist
for weeks (5,26), and therefore any therapeutic benefit of a
locally delivered drug is likely to be related to its persistence
in the vessel wall (27). In this study, the rate of dissipation
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for both agents was relatively rapid, with no horseradish
peroxidase detectable at 6 h and very little heparin detect .
able at 24 h . This rapid dissipation of heparin after hydrogel
delivery has been confirmed in recent animal studies that
utilized radiolabeling, a more sensitive method ofdetection
than light microscopy (28,29) . In these radionuclide studies,
however, a small fraction of the delivered heparin was
detected at >48 h . Further, even this seemingly small
quantity of heparin was associated with a significant attenu-
ation of both platelet deposition (28) and smooth muscle cell
proliferation (29) . For any specific agent, the quantity and
persistence in the vessel wall necessary to achieve a thera-
peutic response would require individual study .
On the basis of
the proposed mechanism of the hydrogel
delivery system, we would anticipate that any potentially
therapeutic agents that are water soluble, such as low
molecular weight peptides (7) or antisease oligonucleotides
(30), could be effectively delivered to the arterial wall .
Persistence in the vessel wall, however, is likely to be
multifactorial, and caution should therefore be used in
extrapolating the present findings to the delivery
of other
agents
.
Recently, several methods for prolonging the intramural
residence of delivered agents have been proposed, including
delivery of drugs in biologically stable microsomes (31,32) .
chemical alteration of the molecule to inhibit enzymatic
degradation (271 and thermal sealing of the disrupted vessel
wall after drug delivery (33).
Functional charect7fiatlen of the hydrogel delivery sy*m .
In all normal and atherosclerotic specimetri, agent delivery
occurred t•. - dgh intact, nondisrupled tissue, supporting the
concept tin,: intramural pcnctration occurs by diffusion and
not by disruption
of
the vessel wall
. Unlike the perforated
balloon system (1), which relies on pressurized fluid jets, the
hydrogel system does not cause more trauma than conven-
tional balloon angioplasty .
The problem of agent "washout" from the balloon during
transport througs the circulation should influence the tech-
nique of drug delivery . As a buffered aqueous system, the
hydroget would not be expected to have important electrical
or chemical interactions with most therapeutic agents . The
most important kinetic factors governing diffusion into and
out of the hydrogel are likely to be molecular size and
geometry, with smaller molecules diffusing more readily . We
have noted that horse.3ish peroxidase, with a molecular
weight of 40,OIhl dahons, persists on the balloon: even after
several minutes in the circulation, whereas tritinted t parin .
a much smaller molecule, washes off considerably faster. In
this study the use
of a protective sleeve decreased balloon
exposure to the circulation from -8 to 4 s and resulted in a
dramatic irdprovement in the efficacy
of intramural heparin
delivery.
Study limitations . This study has several important limi-
tations
. First, no attempt was made to quantitate the abso-
lute amount of horseradish peroxidase or heparin that was
delivered to the vessel wall . Tt'is is likely to be an important
!ACC Vot . 2,, No . 7
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consideration in any attempt to study the biologic of-ct of
intramural drug delivery .
Second, the atheromas used in this study were pri-warily
fibromuscular in composition. Most human coronary athe-
romas have a higher percent of lipid and frequently consist of
a lipid core . Hydrophilic molecules, such as heparin, may
not easily penetrate such a nonaqueous environment, and
therefore one should be cautious in extrapolating the present
data to human coronary arteries .
Finally, the biologic effects of these agents on the blood
vessel wall were not evaluated in this study .
Clinical Implications. Hydrogel-coated balloons can de-
liver biologically active agents to the vessel wall during
balloon angioplasty by pressure-augmented diffusion a pro-
cess that is not dependent on vascular disruption to effect
delivery. On the basis of these findings, many other agents
could be delivered to the vessel wall during balloon engio-
plasty with hydrogel balloons . Further work is needed to
determine whether such intervention will result iii L§erapeu-
tic benefit
.
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